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7KLVZRUN SUHVHQWV D VWDWLVWLFDO DSSURDFK IRU RSWLPL]DWLRQ RI GU\ WXUQLQJ SDUDPHWHUV RI ,QFRQHO  %DVHG RQ 7DJXFKL¶V /
RUWKRJRQDO DUUD\ WXUQLQJ H[SHULPHQWV ZHUH FDUULHG RXW DW YDULRXV OHYHOV RI FXWWLQJ SDUDPHWHUV WR HYDOXDWH WKH SHUIRUPDQFH
PHDVXUHVVXFKDVFXWWLQJIRUFHVXUIDFHURXJKQHVVDQGWRROZHDU 7KHWXUQLQJRSHUDWLRQVZHUHFDUULHGRXWLQDPHGLXPGXW\ODWKH
PDFKLQHZLWK39'FRDWHGFDUELGHFXWWLQJLQVHUW 7KHRSWLPDOFXWWLQJFRQGLWLRQVZHUHGHWHUPLQHGXVLQJWKH 7DJXFKL¶V6LJQDOWR
1RLVH 61 UDWLR ZKLFK ZDV FDOFXODWHG IRU 5D 5W 5] DQG )] DFFRUGLQJ WR WKH VPDOOHUWKHEHWWHU FULWHULD 7RRO ZHDU ZDV
DQDO\]HGXVLQJVFDQQLQJHOHFWURQPLFURJUDSK7KHVWDWLVWLFDODQDO\VLVRIUHVXOWV XVLQJ$129$ UHYHDOVWKDWIHHGUDWHDQGGHSWKRI
FXW KDV PD[LPXP ZHLJKWDJH IRU DIIHFWLQJ WKH UHVSRQVHV 7KH PDWKHPDWLFDO PRGHO IRU WKH LQGLYLGXDO UHVSRQVHV KDV EHHQ
GHYHORSHGXVLQJUHJUHVVLRQDQDO\VLVDVDIXQFWLRQRIWKH FXWWLQJSDUDPHWHUVDV LQGHSHQGHQWYDULDEOHV7KHGHYHORSHGUHJUHVVLRQ
PRGHOVKRZV DKLJKGHWHUPLQDWLRQFRHIILFLHQW LH5  IRU5D5WIRU5]DQGIRU)]ZKLFKSURYHV WKHPRGHO
DFFXUDF\ 7KH SUHGLFWHG YDOXH IURP WKH GHYHORSHGPRGHO DQG H[SHULPHQWDO YDOXHV DUH IRXQG WR EH YHU\ FORVH WR HDFK RWKHU
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E\ $WWLD HWDO 7KHRWKHUGHVLUDEOHFKDUDFWHULVWLFVRIWKHDOOR\DUHKLJKWKHUPDOIDWLJXHUHVLVWDQFHUHVLVWDQFH
WR WKHUPDO VKRFN DQG KLJK PHOWLQJ WHPSHUDWXUH PDNHV DQ LGHDO PDWHULDO IRU XVH LQ DHURVSDFH DXWRPRWLYH DQG
FRUURVLYHDSSOLFDWLRQVVXFKDVPDULQHHTXLSPHQWQXFOHDUUHDFWRUVSHWURFKHPLFDOSODQWVIRRGSURFHVVLQJHTXLSPHQW
DQGSROOXWLRQFRQWURODSSDUDWXVE\ &KRXGKXU\ HWDO
(YHQ WKRXJK UHTXLUHG IURPGHVLJQ SHUVSHFWLYH WKHVH SURSHUWLHV SRVH D VHULRXV FKDOOHQJH WR WKHPDQXIDFWXULQJ
VHFWRU 3URSHUWLHVVXFK DVORZWKHUPDOFRQGXFWLYLW\JHQHUDWLRQRIKLJKWHPSHUDWXUHDWFXWWLQJ]RQHXSWR&
KLJKZRUNKDUGHQLQJWHQGHQF\DQGKLJKWRROZRUNSLHFHDIILQLW\ZKLFKOHDGWR WKHIRUPDWLRQRIEXLOWXSHGJHRQWKH
FXWWLQJ WRRO PDWHULDO DQG KHQFH WKH\ DUH FDWHJRUL]HG DV ³GLIILFXOWWRFXW´  PDWHULDOV E\ *HVVLQJHU HW DO
(]XJZX HW DO  5HGG\ HW DO  DQG $UXQDFKDODP HW DO  6HYHUDO SUREOHPV WKDW DULVH ZKLOH
PDFKLQLQJ RI QLFNHO EDVHG VXSHU DOOR\V DUH VXUIDFH FUDFNLQJ SODVWLF GHIRUPDWLRQ PHWDOOXUJLFDO WUDQVIRUPDWLRQV
LQFUHDVHGPLFURKDUGQHVVDQGWKHIRUPDWLRQRIWHQVLOHUHVLGXDOVWUHVVHVZKLFKUHVXOWLQVLJQLILFDQWORVVLQ SURGXFWLRQ
E\ %UDJKLQL HW DODQG &KDR;XH HWDO




DQGVXUIDFHURXJKQHVVDWKLJKHUFXWWLQJVSHHGFRPSDUHGWRFHUDPLFWRROVLQGU\WXUQLQJ WRROVE\ $UXQDFKDODP HWDO
DQG &RVWHV HWDO$FFRUGLQJWR%XVKO\DHWDO3&%1WRROVRIIHUH[FHOOHQWSHUIRUPDQFHGXULQJ
PDFKLQLQJRI,QFRQHOEXWWKHLUFRVWVDUHUHODWLYHO\KLJKDVFRPSDUHGWRFDUELGHWRROV$WORZHUFXWWLQJVSHHGV
VD\  PPLQ +66 DQG XQFRDWHG FDUELGH LQVHUWV DUH XVXDOO\ SUHIHUUHG E\ 'HYLOOH] HW DO  'XH WR WKH
DGYDQFHPHQW LQ FRDWLQJ WHFKQRORJ\ KLJK FXWWLQJ VSHHG RI XS WR PPLQ LV DFKLHYDEOH ZLWK FRDWHG FHPHQWHG
FDUELGHVDQGLVZLGHO\XVHGLQWKHLQGXVWULHV E\ 'XG]LQVNL HWDO +RZHYHUWKHH[WHQWRIWKHLUHIIHFWLYHQHVV
KDVEHHQFULWLFDOO\DQDO\]HGE\ UHVHDUFKHUV LQ WHUPVRISHUIRUPDQFHPHWULFV ,WDNXUDHW DO >@ LQYHVWLJDWHG WKH
DSSOLFDWLRQ RI 7L17L&PXOWLOD\HUHG FRDWLQJ DQG IRXQG EHWWHU SHUIRUPDQFH XS WR PPLQ DQG DW KLJKHU VSHHG
DGKHVLRQZHDUZDVIRXQGWREHWKH GRPLQDQWZHDU-LQGDOHWDO IRXQGWKDW7L$O1FRDWHGLQVHUWVH[KLELWJRRG
SHUIRUPDQFHERWKDWORZDQGKLJKFXWWLQJVSHHGVGXHWRWKHHIIHFWRIORZWKHUPDOFRQGXFWLYLW\DQGDFWDVSURWHFWLQJ
OD\HU IRU WKH WRRO VXUIDFH IURP KHDW WUDQVIHU DQG IRU UHVLVWDQFH WR WKH %8( IRUPDWLRQ 'XFURV HW DO 
LQYHVWLJDWHG WKH XVH RIPXOWLOD\HU DQG QDQR OD\HU FRDWLQJV HVSHFLDOO\7L1$O7L1 RQ GU\ WXUQLQJ RI ,QFRQHO 
UHVXOWLQJVLJQLILFDQWSURGXFWLYLW\LPSURYHPHQWZKHUHDVWKHDEUDVLYHZHDULVWKH PDLQGRPLQDQWWRROIDLOXUH
+RZHYHULWLVQHFHVVDU\WRGHWHUPLQHRSWLPDOFXWWLQJSDUDPHWHUVLQRUGHUWRDWWDLQPLQLPDOFRVWVDQGSURGXFWLRQ
WLPH ,Q UHFHQW \HDUV UHVHDUFK KDV EHHQ GRQH RQ VWDWLVWLFDO DQG 7DJXFKL¶V PHWKRG RI H[SHULPHQWDO VWXGLHV WR
GHWHUPLQHWKHHIIHFWVRIFXWWLQJSDUDPHWHUVRQYDULRXVTXDOLW\FKDUDFWHULVWLFVUHODWLQJWRWXUQLQJRSHUDWLRQRQYDULRXV
PDWHULDOV 3DZDGH HW DO  XVHG IRXU IDFWRU DQG WKUHHOHYHO IUDFWLRQDO IDFWRULDO GHVLJQ WR VWXG\ WKH HIIHFW RI
SURFHVVDQGWRROGHSHQGHQWSDUDPHWHUVWRGHWHUPLQHRSWLPDOSHUIRUPDQFHLQGLFHV$FFRUGLQJWRKLVREVHUYDWLRQVWKH
VXUIDFH URXJKQHVV UHDFKHG DPLQLPXP YDOXH ZLWK WKH WRRO HGJH JHRPHWU\ DQJOH RI Û DW KLJKHU FXWWLQJ VSHHGV
6LPLODUO\ZLWKWKHLQFUHDVHLQFXWWLQJVSHHGFXWWLQJIRUFHZDVIRXQGWRGHFUHDVHDQGYLFHYHUVD )HZVWXGLHVKDV
EHHQ FDUULHG RXW RQ WKH HIIHFW RI FXWWLQJ IOXLGV DQG WKH UHVXOWV VKRZV QR VLJQLILFDQW LPSURYHPHQW RQ PDFKLQLQJ
SHUIRUPDQFH E\ (]XJZX HWDO
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7HVW VSHFLPHQ&XWWLQJ LQVHUW DQGPHDVXUHPHQWV
'U\ WXUQLQJ RSHUDWLRQV EDVHG RQ 7DJXFKL¶V / H[SHULPHQWDO DUUD\ ZHUH FDUULHG RXW RQ ,QFRQHO  EDU RI
GLDPHWHUPPDQGOHQJWKPPLQDPHGLXPGXW\ODWKHN:USP 7KHFKHPLFDOFRPSRVLWLRQRI,QFRQHO
 LQZW LV OLVWHG LQ7DEOH(DFK PDFKLQLQJ WULDO KDV EHHQ FDUULHGRXW RQ DQHZ IUHVK FXWWLQJ HGJH3ULRU WR
H[SHULPHQWDO WULDOV D VNLQ FXW RI PP WKLFNQHVV LV GRQH LQ RUGHU WR DYRLG DQ\ GHIRUPLWLHV RQ WKH VXUIDFH7KH
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0HWKRGRORJ\
7KHH[SHULPHQWDOGHVLJQZDVEDVHGRQ7DJXFKL¶VRUWKRJRQDODUUD\ZKLFKLQYROYHVVHOHFWLQJUHVSRQVHYDULDEOHV
LQGHSHQGHQW YDULDEOHV DQG WKHLU LQWHUDFWLRQV 7KH SURFHVV IORZ FKDUW RI WKH H[SHULPHQWDO VWHSV DQG RSWLPL]DWLRQ
SURFHGXUHDUHVKRZQLQ)LJ 7KHOHYHOVRIWKHSURFHVVSDUDPHWHUVZHUHVHOHFWHGLQRUGHUWRFRYHUDVXIILFLHQWO\
ZLGH UDQJH RI SRVVLEOH FXWWLQJ FRQGLWLRQV 7KH SDUDPHWHUV DQG WKH FRUUHVSRQGLQJ OHYHOV FKRVHQ IRU WKLV
H[SHULPHQWDWLRQ ZHUH JLYHQ LQ 7DEOH  7KH 7DJXFKL PHWKRG XVHV 6LJQDOWR1RLVH 61 UDWLR WR PHDVXUH WKH
YDULDWLRQVRIH[SHULPHQWDOGHVLJQ7KHZRUGµVLJQDO¶LQGLFDWHVWKHGHVLUDEOHYDOXHDQGWKHZRUGµQRLVH¶LQGLFDWHVWKH
XQGHVLUDEOH YDOXH 7KH IRUPXODH IRU VLJQDOWRQRLVH UDWLR DUH GHVLJQHG VXFK WKDW WKH H[SHULPHQWDOLVW FDQ DOZD\V
VHOHFWWKHIDFWRUOHYHOVHWWLQJVZKLFKPD[LPL]HWKH61UDWLRWRRSWLPL]HWKHTXDOLW\FKDUDFWHULVWLFVRIDQH[SHULPHQW
7KHQWKHVHOHFWLRQRIFDOFXODWLQJWKHVLJQDOWRQRLVHUDWLRGHSHQGVRQWKHFKDUDFWHULVWLFVVXFKDV VPDOOHUWKHEHWWHU
ODUJHUWKHEHWWHURUQRPLQDOWKHEHWWHU7KHREMHFWLYHRI WKH SUHVHQWZRUN LV WRRSWLPL]H WKHSURFHVVSDUDPHWHU IRU
WKH PLQLPL]DWLRQ RI VXUIDFH URXJKQHVV 5D 5W DQG 5] DQG FXWWLQJ IRUFH )] YDOXHV 7KHUHIRUH LQ WKLV ZRUN D




3URFHVVSDUDPHWHU 8QLW /HYHO /HYHO /HYHO
&XWWLQJ6SHHG$ PPLQ   
)HHGUDWH% PPUHY   
'HSWKRIFXW& 0P   
2553 R. Ramanujam et al. /  Procedia Materials Science  5 ( 2014 )  2550 – 2559 
)LJ3URFHVVIORZFKDUW IRU([SHULPHQWDO






6  1  [ORJ \
Q  





7KH PHDQ 61 UDWLR RI HDFK SDUDPHWHU OHYHO KDV EHHQ FDOFXODWHG E\ DYHUDJLQJ WKHLU FRUUHVSRQGLQJ OHYHOV LQ
RUWKRJRQDO DUUD\ 7KH RSWLPDO SDUDPHWHUV ZHUH FKRVHQ EDVHG RQ KLJKHU 61 UDWLR DV WKH VLJQDO UHSUHVHQWV WKH








DQG WKHLU FRUUHVSRQGLQJ61 UDWLRYDOXHV DUH OLVWHG LQ7DEOH7KHQ WKHPHDQ61 UDWLRV DW HDFK OHYHO RI SURFHVV
SDUDPHWHUVDUHREWDLQHGE\FRPSXWLQJWKHDYHUDJHDWFRUUHVSRQGLQJOHYHOV%DVHGRQWKHDQDO\VLVRIWKH61UDWLR
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)LJ5HVSRQVHSORWIRU61UDWLRD &XWWLQJVSHHGE)HHGUDWHE'HSWKRIFXW
7KHUHVXOWVRI DQDO\VLVRIYDULDQFHIRULGHQWLI\LQJ VLJQLILFDQW IDFWRUV DQG LWVSHUFHQWDJH FRQWULEXWLRQ DUHJLYHQLQ
7DEOH  )URP WKH$129$ UHVXOWV IRU5D5W 5] DQG)] LW LV HYLGHQW WKDW WKH IHHG UDWH LV WKHPRVW VLJQLILFDQW
SDUDPHWHU IRUDIIHFWLQJ VXUIDFH URXJKQHVVDQGFXWWLQJ IRUFHZKLOH WKH3YDOXH 3UREDELOLW\RI VLJQLILFDQFH LV OHVV
WKDQDWFRQILGHQFHOHYHOIROORZHGE\GHSWKRIFXW 7KH FXWWLQJIRUFHLQFUHDVHV ZLWK LQFUHDVHLQ IHHG UDWH
DQG GHSWK RI FXW +RZHYHU FXWWLQJ VSHHG LV IRXQG WR EH LQVLJQLILFDQW LQ WKH H[SHULPHQWV IRU DIIHFWLQJ ERWK WKH
UHVSRQVHV LQ WKH H[SHULPHQWDO UHJLRQ )URP WKH DERYH61 UDWLR UHVXOWV IRU VXUIDFH URXJKQHVV 5D WKH RSWLPXP
FRQGLWLRQV DUULYHG DUHL &XWWLQJ VSHHG  PPLQLL 'HSWK RI FXW  PP DQG LY )HHG UDWH  PPUHY
VKRZQ LQ7DEOH)URP WKH DERYH61 UDWLR UHVXOWV IRUFXWWLQJ IRUFH )] WKHRSWLPXPFRQGLWLRQVDUULYHGDUHL
&XWWLQJVSHHG PPLQLL'HSWKRIFXW PPDQGLY)HHGUDWH PPUHYVKRZQLQ7DEOH5HVXOWVRI
DQDO\VLVRIPHDQVLQGLFDWHWKDW IHHGUDWH FXWLV WKHPRVWVLJQLILFDQWPDFKLQLQJSDUDPHWHUIROORZHGE\ GHSWKRIFXW
DQG FXWWLQJYHORFLW\ DIIHFWLQJWKHFXWWLQJIRUFHSHUIRUPDQFHFKDUDFWHULVWLFV 7KHRSWLPXPSURFHVVSDUDPHWHUHYROYHG
ZLWK UHVSHFW WRPLQLPL]DWLRQ RI VXUIDFH URXJKQHVV DQG FXWWLQJ IRUFH OHDGV WR WZR GLIIHUHQW FRPELQDWLRQV VXFK DV
$%& DQG $%& UHVSHFWLYHO\
)URPWKH UHVXOWRIWKHDQDO\VLVRI YDULDQFHVKRZQLQ7DEOH WKHYDULDWLRQVFDXVHGE\HDFKFRQWUROIDFWRURQWKH
FXWWLQJSDUDPHWHUV DVZHOO DVWKHHIIHFWRIWKHFRQWUROIDFWRUVRQWKHTXDOLW\FKDUDFWHULVWLFYDULDWLRQFDQEHREVHUYHG
7KH PDLQFRQWUROIDFWRUVWKDW FDQHIIHFWLYHO\UHGXFHWKHYDULDWLRQVDQGFRQWULEXWHWRWKH TXDOLW\FKDUDFWHULVWLFV DUH
LGHQWLILHGLQGHVFHQGLQJRUGHU IRU5D DV IHHGUDWH GHSWKRIFXW  DQG FXWWLQJVSHHGDQG IRU
)]IHHGUDWH GHSWKRIFXW  DQG FXWWLQJVSHHG
D E
F
2556   R. Ramanujam et al. /  Procedia Materials Science  5 ( 2014 )  2550 – 2559 
7DEOH $129$$QDO\VLV
6RXUFH ') 66 06 )UDWLR 3 3
6XUIDFH5RXJKQHVV5D
&XWWLQJ6SHHG$      














1RWHV6 56T 56TDGM 
6XUIDFH5RXJKQHVV5W
&XWWLQJ6SHHG$      














1RWHV6 56T 56TDGM 
6XUIDFH5RXJKQHVV5]
&XWWLQJ6SHHG$      














1RWHV6 56T 56TDGM 
&XWWLQJ)RUFH)]
&XWWLQJ6SHHG$      














1RWHV6 56T 56TDGM 
 5HJUHVVLRQPRGHOIRU6XUIDFHURXJKQHVVDQGFXWWLQJIRUFH
$OLQHDU UHJUHVVLRQ PRGHOZDVFDUULHGRQ WKHGHSHQGHQW YDULDEOH5D5W5] DQG)] DQGFXWWLQJ VSHHG IHHG UDWH





QHZ REVHUYDWLRQV 7KHUHIRUH WKH IROORZLQJ UHJUHVVLRQ HTXDWLRQV DUH REWDLQHG IRU ERWK FXWWLQJ IRUFH DQG VXUIDFH
URXJKQHVV
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